To obtain depth-selected information in magnetic multilayers, we propose a measurement scheme based on nuclear resonant scattering from multiple isotopic sensor layers. It takes advantage of the depth dependence of the photon wavefield intensity in grazing incidence geometry to enhance the signal from a given part of a multilayer. The technique is applied to study the magnetic structure of a Fe/Fe-oxide/Fe trilayer. We are able to fully determine in a direct manner the magnetic state of two ultrathin 57 Fe probe layers embedded in the system. The proposed technique can potentially be extended to various grazing incidence x-ray scattering methods.
To obtain depth-selected information in magnetic multilayers, we propose a measurement scheme based on nuclear resonant scattering from multiple isotopic sensor layers. It takes advantage of the depth dependence of the photon wavefield intensity in grazing incidence geometry to enhance the signal from a given part of a multilayer. The technique is applied to study the magnetic structure of a Fe/Fe-oxide/Fe trilayer. We are able to fully determine in a direct manner the magnetic state of two ultrathin 57 Fe probe layers embedded in the system. The proposed technique can potentially be extended to various grazing incidence x-ray scattering methods. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3120770͔ Multilayered magnetic structures are fundamental building blocks in a large variety of devices such as hard drives, magnetic random access memory, and magnetic field sensors. 1 In this class of systems, particular interface coupling phenomena ͑such as the exchange bias effect 2 ͒ or interlayer coupling mechanisms modify the magnetic configuration of individual layers. 1 Understanding the integral properties of these systems requires a precise determination of the microscopic magnetic structure in a depth resolved manner where the magnetic configuration of individual layers is revealed.
Grazing incidence scattering techniques such as polarized neutron reflectometry or resonant x-ray reflectometry ͑which is sensitive to magnetism through dichroism effects͒ can be applied to investigate the magnetic and structural depth profile in multilayers. [3] [4] [5] However, the magnetic depth profile extracted from data analysis is always the result of a modeling procedure. For complex magnetic structures incorporating layers of differing magnetic properties, it is often the case that several models of the magnetic depth profile could lead to the same reflectivity data.
Another approach to obtain magnetic depth profiles with subnanometer resolution is based on the isotope sensitive technique of nuclear resonant scattering ͑NRS͒ of synchrotron radiation, where isotopic probe layers are placed at selected positions in the layer system. 6 Using this scheme, the depth resolution is given by the thickness of the isotopic probe layer used, which can be made as thin as a single atomic layer. 7 In a NRS experiment, the time dependent deexcitation of the nucleus of the active isotope ͑in this case 57 Fe͒ is recorded after pulsed excitation using synchrotron radiation. The recorded temporal beat pattern ͑referred to as timespectrum͒ is a direct fingerprint of the configuration of the hyperfine split nuclear levels involved. The magnitude of the hyperfine field ͑related to a given magnetic state͒ and its orientation ͑which is antiparallel to the atom's magnetic moment in the case of 57 Fe͒ can be precisely measured. The technique can be further used to determine the net magnetization of the layer 8 and to study the formation and size of domains. The magnetic information encoded in the timespectrum is directly related to the magnetic state of the probe layer. If the probe layer is sufficiently thin, there is no need to model the depth dependent magnetic profile, and layer resolved magnetic information is obtained in a direct way. Most of the NRS experiments aiming at the determination of the magnetic structure where carried out using single probe layers. 6, 9 In this letter, we propose a simple measurement scheme that allows a complete and unique determination of the magnetic structure of two thin Fe layers magnetically coupled through a native oxide spacer layer. In order to study the magnetic state of the metallic Fe only ͑and eliminate the contribution of the magnetic oxide to the signal 10,11 ͒, we inserted an 57 Fe probe layer in both metal layers. The NRS experiment was carried out in a dedicated ultra-high vacuum system 12 at the nuclear resonance beamline 13 of the European Synchrotron Radiation Facility ESRF ͑France͒ ID18. The substrate is a flat W͑110͒ single crystal which was cleaned by numerous cycles of annealing to 1500 K in an oxygen partial pressure of 1 ϫ 10 −7 mbar and flash annealed to 2100 K. Such procedure results in a clean and well ordered surface.
14 A 2.4 nm thick 56 Fe layer is deposited via electron beam evaporation, with a 0.8 nm thick 57 Fe layer placed in its center ͑this isotopic substitution does not influence the chemical and magnetic properties of the layer͒, as depicted in Fig. 1͑a͒ . The low energy electron diffraction ͑LEED͒ pattern shows four bright spots resulting from the cubic symmetry of the surface. At this stage, a nuclear timespectrum was recorded in reflection geometry with the incidence angle of the x-ray beam set to 0.25°, above the critical angle of Fe at 14.4 keV ͑0.22°͒. The spectrum shows a single frequency beating which corresponds to a hyperfine field of 32.6 T, typical for ferromagnetic Fe at room temperature. The shape of the spectrum proves that the layer is fully magnetized in the sample plane, parallel to the photon wavevector k ជ 0 and the ͑110͒ direction, most probably due to the strong cubic magnetocrystalline anisotropy of the epitaxial Fe film. The layer was subsequently oxidized by admission of molecular oxygen at a pressure of 1 ϫ 10 −5 mbar for 500 s. As seen in Fig. 1͑b͒ , the LEED pattern has a lower contrast due to the formation of a disordered oxide. The recorded timespectra does not change, meaning that the magnetic properties of the buried 57 Fe layer are not modified by the growth of the oxide. Finally, a second 2 nm 56 Fe layer is deposited with 0.8 nm of 57 Fe on its top. The LEED pattern shows faint diffraction spots meaning that the top Fe layer has a reduced crystalline quality. At this stage, the shape of the recorded timespectrum changes drastically compared to the single Fe layer, indicating that the magnetic moment in at least one of the two Fe layers is not collinear with the direction of the incident x-ray beam.
The recorded timespectrum is now a sum of the signals originating from the two probe layers. To disentangle the signals, we recorded timespectra at selected angles of incidence in the vicinity of the critical angle. This allowed us to tune the photon wavefield intensity at the position of the two 57 Fe probe layers, as sketched in Fig. 2 . The normalized wavefield intensity S͑z͒ was calculated for selected angles following the formalism developed in Ref. 15 . It is clearly seen that the wavefield intensity can be tuned to excite primarily one of the two, or both, layers. The recorded nuclear signal scales, as a result of the coherent scattering process, quadratically with the field intensity. 15 Hence, the contributions from each layer will significantly depend on the angle of incidence , as depicted in the upper panel of Fig. 2 . For example, at = 0.1°, the ratio S͑z 1 ͒ 2 / S͑z 2 ͒ 2 of the signal originating from the top probe layer compared to the lower probe layer is larger than 300. For = 0.35°, the situation is reversed and S͑z 1 ͒ 2 / S͑z 2 ͒ 2 = 0.004. At these angles, the scattered signal originates for more than 99% from one of the two probe layers. Because these field intensities can be calculated for a given structure, one can find immediately what will be the angles that give the best selectivity for the layer of interest.
These considerations apply to the timespectra recorded in a NRS experiment. Here, we recorded timespectra at the three incident angles shown in Fig. 2 . At every angle, timespectra were taken along two azimuthal orientation separated by 45°: The ͑110͒ and the ͑100͒ in-plane direction of the lower Fe layer. As demonstrated by Schlage et al., 8 recording timespectra at different azimuthal angles of the sample allows one to unambiguously determine the net magnetization of the 57 Fe probe layers. All the timespectra were then consistently fitted using the CONUSS program. 16 The result is shown in Fig. 3 . The shape of the timespectrum changes drastically depending on which probe layer is primarily excited ͑i.e., depending on which incident angle is used͒. One sees that the spectrum recorded along the ͑110͒ direction and at = 0.35°is very similar to the spectrum of Fig. 1͑a͒ . This indicates that the magnetization of the lower 57 Fe layer did not change and is still aligned parallel to the easy axis. Quantitative analysis of the timespectra shows in fact that the top layer has the same hyperfine field of 32.6 T, while its magnetization is not collinear with the ͑110͒ direction and is canted by 45°in the sample plane. We can also derive from the consistent fitting of the data along the two azimuthal orientations of the sample that both layers are in a single domain state.
While the technique allows a direct determination of the magnetic structure ͑magnetic phase, domain state, and moment orientation͒ of the two Fe layers, it is difficult to conclude on the reason for the noncollinear alignment of the moments. For example, one can eventually expect that the different crystalline quality of the top layer results in an easy axis oriented 45°compared to the lower layer. However, it was also recently shown for polycrystalline Fe/FeO/Fe trilayers that a magnetic coupling appears between the Fe layers, which is mediated by an antiferromagnetically ordered oxide spacer. 10, 11 In these systems, the highly disordered oxide can also lead to coupling angles much lower than the nominal value of 90°, typical for this type of coupling mechanism.
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These magnetically coupled systems also proved to sustain a single domain state throughout the magnetization reversal. This hypothesis therefore equally fullfills the experimentally observed magnetic structure.
In conclusion, we present a measurement scheme for the determination of the magnetic structure, domain state and moment orientation ͑also in and out of plane͒ in multilayers using NRS techniques and multiple probe layers. Proper tuning of the photon wavefield intensity allows to isolate the contribution of each probe layers to the signal. The method is applied to a coupled Fe/Fe-oxide/Fe trilayer, where a noncollinear, single domain magnetic structure is observed. Because no modeling of the depth dependent magnetic profile is needed, a unique solution is extracted from the consistent fitting procedure.
It should be mentioned that tuning the photon wavefield intensity can be used with other grazing incidence techniques such as grazing incidence small angle scattering or resonant techniques based on dichroism, to increase the coherently scattered signal ͑and therefore the contrast͒ from a layer of interest ͑see, e.g., Ref. 17 for other applications͒.
